Detailed mutational analysis examines the roles of individual residues of the Vga(A) linker in determining the antibiotic resistance phenotype. It defines a narrowed region of residues 212 to 220 whose composition determines the resistance specificity to lincosamides, pleuromutilins, and/or streptogramins A. From the analogy with the recently described function of the homologous ABC-F protein EttA as a translational factor, we infer that the Vga(A) linker interacts with the ribosome and directly or indirectly affects the binding of the respective antibiotic.
T
he ABC-F family of ABC transporters comprises soluble proteins with two nucleotide binding domains (NBD) (Pfam accession number PF00005) separated by a flexible linker of approximately 80 amino acid residues. In contrast to typical ABC transporters, ABC-F proteins do not have any transmembrane domain. They usually participate in nontransport cellular functions, including translation regulation and DNA excision, and are also involved in antibiotic resistance. Antibiotic resistance ABC-F proteins are collectively referred to as ARE (antibiotic resistance) proteins (1) . The mechanism of resistance conferred by ARE proteins is not well understood.
Vga(A) is one of the most-studied ARE proteins (2) (3) (4) . Since the first report of Vga(A) as a streptogramin A (SgA) resistance determinant (5) , several variants differing in their ability to confer resistance to SgA, lincosamides (L), and/or pleuromutilins (P) were reported ( Fig. 1) (4, (6) (7) (8) (9) (10) (11) . For clarity in this paper, we refer to unspecified Vga(A) variants as Vga(A)*, use Vga(A) only for the originally described Vga(A) protein (NCBI protein database accession number AAA26684) conferring resistance to SgA (5) , and use Vga(A) LC (the LC subscript indicates resistance to lincomycin and clindamycin) for the variant with NCBI protein database accession number ABH10964 that confers resistance to both L and SgA (4) .
Comparison of the Vga(A) and Vga(A) LC proteins showed that the shift in resistance between SgA and L is determined by amino acid substitutions L212S, G219V, A220T, and G226S clustered in a sequence only 15 amino acids long within the interdomain linker, which is the main source of polymorphism for all Vga(A)* proteins ( Fig. 1) (4) . Nothing is known about how these individual variable residues contribute to antibiotic specificity. We set out to decipher the relationship between the linker variability of Vga(A)* variants and the resistance phenotype using detailed mutational study of the Vga(A) and Vga(A) LC linkers. Implications of our results for the proposed resistance mechanism are discussed.
We have mutated amino acid residues of the linker in positions 212, 219, 220, and 226 to create a set of mutant forms of Vga(A)* that contain all but one of the possible combinations of Vga(A)-and Vga(A) LC -specific residues in their respective positions. Sitedirected mutagenesis was performed using two complementary primers according to the QuikChange site-directed mutagenesis kit protocol (Stratagene). The construct pBluescript II KS carrying the vga(A) LC ba gene encoding a more-efficient hybrid protein, combining the sequences of Vga(A) and Vga(A) LC (Fig. 2A) , was used as a template (4) . All mutations were verified by resequencing before subcloning of mutant forms into pRB374 shuttle vector as described previously (4) . The resulting constructs were transformed to Staphylococcus aureus RN4220, and the MICs of lincomycin (LIN), clindamycin (CLI), pristinamycin IIA (PIIA), tiamulin (TIA), and erythromycin (ERY) were determined by the standard broth microdilution method ( Fig. 2B) (12) . We repeatedly failed to prepare a mutant form with the combination of amino acids L212, G219, T220, and G226 (LGTG). For the purpose of statistical evaluation, we predicted the MICs for the missing variant using single-layer feed-forward neural network (13) . All statistical tests were calculated using R software (14) .
All strains with plasmids bearing mutant forms of the gene showed decreased susceptibility to at least one of the antiobiotics (LIN, CLI, PIIA, or TIA), suggesting that all introduced Vga(A)* variants retained their activities. On the basis of the level of resistance, they can be classified into three groups (Fig. 2B) . The first group consists of variants with the same resistance profile as that conferred by Vga(A) LC , i.e., high and approximately equivalent levels of resistance to LIN and PIIA (MIC of LIN [MIC LIN ] Ϸ MIC PIIA ). These variants also confer substantial resistance to pleuromutilins (P) (LSgAP phenotype). The second group contains variants which, like Vga(A), confer high resistance to PIIA but only moderate or low resistance to L and P (MIC LIN Ͻ MIC PIIA , i.e., SgA phenotype), and the third group contains variants conferring moderate or low resistance to all three groups of antibiotics. Susceptibility to P, represented here by TIA was for the first time tested in the context of antibiotic specificity of Vga(A)* variants. As verified by Spearman's rank correlation coefficient test on a significance level of P Յ 0.01, susceptibility to P correlates with both lincosamides. Nevertheless, the optimal combination SGTS conferring maximal resistance to P slightly differs from the SVTS one, optimal for lincosamides ( Fig. 2B ). No significant changes in susceptibility to ERY, which was used as a control, were recorded.
The relative impact of individual positions on the level of resistance to each tested antibiotic is depicted in Fig. 2C . The statistical significance of individual positions and double combinations was evaluated by analysis of variance (ANOVA) for linear model fits (15) performed on ranked MIC values. The analysis indicated that positions 212 and 220 are important for resistance to L (F 1,23 ϭ 67.2, P Ͻ 0.0001 and F 1,23 ϭ 92.5, P Ͻ 0.0001, respectively) and to P (F 1,13 ϭ 38.9, P Ͻ 0.0001 and F 1,13 ϭ 24.2, P ϭ 0.0003, respectively) and that position 219 is important for resistance to SgA (F 1,12 ϭ 23.5, P ϭ 0.0004), i.e., variants with polar amino acid residues S212 and T220 are the most effective for resistance to L and P and variants with G219 are the most effective for resistance to SgA (Fig. 2B and C) . The analysis also showed an interaction effect of positions 212 and 219 on resistance to L (F 1,23 ϭ 44.5, P Ͻ 0.0001) and on resistance to SgA (F 1,12 ϭ 16.3, P Ͻ 0.002). Given that position 219 alone is not significant for resistance to L, it modifies the effect of position 212. In the case of SgA, the interaction is reversed. This observed reciprocity of the interaction effect between the two positions on L and SgA resistance probably relates to the observation that increased resistance to L was at the expense of resistance to SgA. Vga(A)* variants exhibiting the LSgAP phenotype hardly achieved maximum levels of resistance to PIIA conferred by variants preferring this compound over L and P and vice versa.
Our data correspond well with published resistance profiles of previously characterized Vga(A)* proteins (Fig. 1) , narrowing the variable linker region determining antibiotic specificity to only eight amino acids between positions 212 and 220. Another potentially important position located within this region is position 218. The K218T substitution is the only one in the linker of the variant with NCBI protein database accession number ACX34100, which, unlike Vga(A), confers resistance to clindamycin (11) (Fig. 1) . We evaluated the effect of the substitution on the resistance phenotype in the same background protein as before. Surprisingly, the resulting protein with the K218T mutation was the most efficient variant constructed, reaching the maximum levels of resistance to all three groups of antibiotics (Fig. 2B) . Remarkably, the K218T substitution altered the antibiotic specificity of Vga(A) toward L and P regardless of the presence of the most efficient SgA specific amino acid combination L212-G219 and without compromising the level of resistance as observed for the set of variants with lysine in position 218.
A Vga(A)* variant (NCBI protein database accession number AFH57403) has linker sequence identical to that of Vga(A); however, it has been shown that it confers resistance to both SgA and L (9) (Fig.  1) . This contradicts our previous observations that this variant does not exhibit any preference to lincosamides (MIC LIN Ͻ MIC PIIA ) when tested in a heterologous host (4). The observed lincosamide resistance thus may reflect higher expression of this variant from its own promoter in contrast to a moderate expression in our heterologous system using vegII promoter from Bacillus subtilis. It was consistently observed that Vga(A)v cloned under the control of the vegII promoter as well as Vga(A)v encoded by a transposon confers resistance only to SgA; however, the same variant confers resistance to clindamycin when encoded by a plasmid in a clinical isolate (3, 7) .
The mechanism of resistance conferred by ARE proteins is not well understood. Because some ARE proteins associate with a membrane even though they do not have a transmembrane domain (3, 16) , it is widely accepted that ARE proteins may interact with a membrane partner to constitute a functional transporter (17) . Indeed, the first evidence for such cooperation was recently shown between the ARE protein Msr(D) and the major facilitator superfamily Mef(E) transporter, both originating from Streptococcus pneumoniae (18) . However, direct involvement of Msr(D) in transport has not yet been demonstrated.
The sequence homology of ARE proteins with translational factors and the fact that these proteins confer resistance exclusively to antibiotics inhibiting translation resulted in the formulation of an alternative hypothesis of ARE protein function. It has been suggested that ARE proteins might interact with the ribosome and affect the binding of antibiotics to their target site (17) . Very recently, the function of the first ABC-F protein, EttA, as a translation factor which regulates protein synthesis depending on cell energy status has been characterized (19, 20) . The similarity of Vga(A)* to EttA (31% identity) allows us to envisage a mechanism of Vga(A) action based on the EttA one, providing a more-detailed insight into the probable involvement of Vga(A) in antibiotic resistance by ribosome protection than ever before. 
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Cryo-electron microscopy (cryo-EM) was used to show that EttA binds to the ribosome at the tRNA exit site (E-site) and interacts with the aminoacyl stem of tRNA fMet bound in the peptidyl-tRNA-binding site (P-site). The contact is mediated through an interdomain linker called the PtlM domain. The PtlM domain forms a distinctive elongated structure, which enters the ribosome in the direction of the peptidyl transferase center (PTC) where the amino acids residues at the tip of the PtlM domain specifically recognize the aminoacyl stem of tRNA fMet (Fig.  3A) . The second functionally important structural motif of EttA is a large insertion in NBD 2 called arm. The arm subdomain interacts with the L1 stalk of the large ribosomal subunit and restricts the ribosome dynamics in response to availability of ATP. While the arm subdomain is absent in Vga(A)* variants, the interdomain linker is not only conserved but even further enlarged by 30 amino acid residues inserted into its center, thus forming a presumptive tip of the linker structure (Fig. 3B) . Moreover, the above-defined variable region from positions 212 to 220 of Vga(A)* determining the antibiotic specificity forms part of the linker extension.
Both the Vga(A) linker and the PtlM domain of EttA fulfill the requirements for the consensus sequence of ABC_trans_2 domain family (Fig. 3B) . Thus, the simplest concept of the Vga(A) function is that the Vga(A) linker interacts, analogously to the PtlM domain, with the ribosome and promotes the displacement of the antibiotic. The observed correlation between Vga(A)* linker amino acid composition and chemical properties of the relevant antibiotic can evoke the concept of direct interaction of the linker tip with the target antibiotic. However, this correlation may only be apparent and may reflect more-complex relationships than direct interaction. In fact, during translation, the P-site is constantly occupied by initiation tRNA fMet or by peptidyl-tRNA, which most probably would prevent direct contact of the Vga(A)* linker with antibiotics. Therefore, an indirect effect of Vga(A)* on antibiotic binding mediated by contact of the linker with P-site tRNAs seems to be more probable. The observed correlation of antibiotic spec- ificity with the linker sequence could reflects differences in ribosome binding sites of L and SgA, which overlap the A-site or Aand P-sites of PTC, respectively (21) .
We failed to prove direct interaction of Vga(A) and Vga(A) LC with the relevant antibiotics using surface plasmon resonance (data not shown). This corresponds to the assumption that the linker conformation is context dependent, i.e., induced by interaction of this region with the ribosome. This means that the potential interaction of the protein with an antibiotic could be demonstrated only "in situ" using cryo-EM. On the contrary, considering Vga(A)* as an antibiotic recognition part of a transport system, the protein-antibiotic interaction could be demonstrated with high probability by surface plasmon resonance. In this context, the mechanism of Vga(A) function based on its interaction with the ribosome appears to be more probable than the transport one.
An important aspect for the ribosomal protection resistance is to ensure that the antibiotic will not rebind after it is dislodged from the ribosome. Coupling antibiotic release from the ribosome to antibiotic efflux could be the solution. Indeed, the presence of a macrolide transporter is an essential requirement to manifest the peptide-mediated macrolide resistance in Escherichia coli (22) . Similarly, macrolide resistance due to mutations in ribosomal protein L22 relies on the presence of the active macrolide transporter AcrAB-TolC (23) . In this context, both considered mechanisms of ARE protein function are likely to be combined rather than exclude each other.
